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The 3- and 4-ring polycyclic aromatic hydrocarbons (PAHs) are the most abundant of PAHs in air par-
ticulate matter (PM). Thus we have investigated heterogeneous oxidation of 3- and 4-ring PAHs in a
small-scale ﬂow reactor using quartz ﬁlter as a support. Four representative PAHs, anthracene, phen-
anthrene, pyrene, and ﬂuoranthene, were exposed to either NO2, O3 or NO2þO3 (NO3/N2O5) with a goal
to identify and attempt quantiﬁcation of major product distribution. A combination of gas chromatog-
raphy with mass spectrometry (GCeMS) with/without derivatization and liquid chromatography with
high resolution MS (LC-HRMS) was used for identiﬁcation. For the ﬁrst time, a comprehensive charac-
terization of a broad range of products enabled identifying ketone/diketone, aldehyde, hydroxyl, and
carboxylic acid PAH derivatives. Exposure to NO3/N2O5 (formed by reacting NO2 with O3, a more
powerful reactant than either O3 or NO2) produced additional compounds not observed with either
oxidant alone. Multiple isomers of nitroﬂuoranthene and, for the ﬁrst time, nitrophenanthrene were
identiﬁed. In addition hydroxy-nitro-PAH derivatives were observed for the reaction of anthracene with
NO3/N2O5. Monitoring of speciﬁc common ions such as those of 176 and 205 m/z attributed to carbonyl
phenanthrene and deprotonated phenanthrene ions respectively was shown to be a useful tool for
identiﬁcation of multiple pyrene oxidation products.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).tova).
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Polycyclic aromatic hydrocarbons (PAHs) have long been known
as an important byproduct of incomplete combustion of various
fuel sources due to their pro-mutagenic character and possible
connection to climatic disturbances while in the particle phase [i.e.,
particulatematter (PM)] (Barcelo and Kostianoy,1998; Calvert et al.,
2002; Finlayson-Pitts and Pitts, Jr., 2000; Greenberg et al., 1993;
Sasaki et al., 1995). PAH sources include both anthropogenic and
natural processes, with the former being the major contributor to
the atmospheric budget (Pandis and Seinfeld, 2006). Some polar
PAH derivatives, including nitrated (nitro-PAHs) and oxygenated
species (oxy-PAHs), have been recently found to be directly muta-
genic, posing a greater threat to human health than their parent
PAHs (Barcelo and Kostianoy, 1998; Greenberg et al., 1993; Sasaki
et al., 1995; Souza et al., 2014). These PAH oxidation products are
formed through both primary (direct) processes, such as incom-
plete combustion of diesel fuel, and secondary processes in the
atmosphere through reactions of either gas-phase or particle-
bound PAHs with gas-phase atmospheric oxidants (Atkinson,
1991; Barrado et al., 2012; Calvert et al., 2000; Guo and Kamens,
1991; Kamens et al., 1990; Nielsen, 1984; Pitts et al., 1985;
Sweetman et al., 1986; Van Cauwenberghe et al., 1984; Zielinska
et al., 1986). Much attention has been previously given to the
mechanisms that produce polar PAH oxidation products in the gas
phase (Atkinson, 1991; Calvert et al., 2002; Zielinska, 2005;
Zielinska et al., 1986), however, heterogeneous reactions occur-
ring on the gaseparticle interface and having rather different
mechanisms received attention recently (Fan and Kamens, 1996;
Henderson and Donaldson, 2012; Ma et al., 2011; Miet et al.,
2009a, 2009b; Nguyen et al., 2010; Perraudin et al., 2007a, 2005).
In order to mimic the variation in the PM matrix, a number of
studies have previously been performed on various analogue sur-
faces, such as soot, graphite, silica, real-world (urban) organic
aerosol, and ash particles (Guo and Kamens,1991; Inazu et al., 1997;
Kamens et al., 1990; Miet et al., 2009a, 2009b; Nguyen et al., 2010;
Perraudin et al., 2007b, 2005; Pitts et al., 1985; Van Cauwenberghe
et al., 1984; Zhang et al., 2010; Zielinska et al., 1986). These exten-
sive studies focused mainly on the kinetic loss of PAHs during
exposure to NO2 or O3 or, to some extent, NOwhich showed a lower
reactivity. Several products were reported, yet, the identiﬁcation of
a broad range of products appears to have been beyond the scope of
these studies (Fan and Kamens, 1996; Inazu et al., 1997; Miet et al.,
2009a; Nguyen et al., 2010; Perraudin et al., 2005; Ringuet et al.,
2012; Zhang et al., 2011, 2010). Studies on the exposure of PAHs
adsorbed on particles to a more potent reagent, NO3/N2O5 (formed
via the reaction of O3with NO2) focusedmainly on PAH degradation
and reported the formation of several products, some of which
were not identiﬁed (Jariyasopit et al., 2014; Kamens et al., 1990;
Zielinska et al., 1986; Zimmermann et al., 2013; Zondlo et al.,
1998). To our knowledge, no studies have been reported identi-
fying the broad range of products formed during the heterogeneous
oxidation of PAHs with NO2, O3, or NO3/N2O5.
The aim of this project was to study the heterogeneous PAH
oxidation in the presence of either nitrogen dioxide, ozone, or both,
focusing on the identiﬁcation of product species in order to enable
their later identiﬁcation in atmospheric studies performed either in
chambers or outdoor. We evaluated a wide range of oxidation
products observed from the exposure of PAHs in solid state
(adsorbed on a quartz ﬁlter). The study targeted the most abundant
PAHs found typically in PM i.e., anthracene, phenanthrene, pyrene
and ﬂuoranthene, that is 3-ring and 4-ring PAHs, where 3-ring
PAHs are known to partition between the gas phase and solid
phase, while 4-ring PAHs persists in the solid phase. The products
were identiﬁed using gas chromatography with mass spectrometry(GCeMS), matching the resulting MS spectra to those of standards
and MS libraries. This identiﬁcation was further conﬁrmed through
the analysis with high performance liquid chromatography with
atmospheric pressure chemical ionization-high resolution mass
spectrometry (HPLC-APCI-HRMS).2. Materials and methods
2.1. Materials
All standards used in this study are listed in Table 1. Stock so-
lutions were prepared in a concentration of 100 mg mL1 in
dichloromethane (DCM, high-resolution GC grade, Fisher Scientiﬁc,
Pittsburg, PA, USA). The internal standard (IS) solution of deuter-
ated ﬂuoranthene in DCM (~100 mg mL1) was employed for
quantiﬁcation. Additionally, recovery standard (RS) solutions
(100 mg mL1; listed in Table 1) were used to correct for any errors
resulting from the extraction process. The derivatization agent,
N,O-bis(trimethylsilyl)triﬂuoroacetamide (BSTFA) with 1% of tri-
methylchlorosilane (TMCS), was obtained from SigmaeAldrich
(Atlanta, GA, USA) and used to derivatize polar PAH derivatives
featuring hydroxy groups (hydroxy-PAHs) and/or carboxylic acid
groups (carboxy-PAHs) to trimethylsilyl derivatives to increase the
sensitivity of their analysis.
For ﬂow reactor experiments dry breathing quality air (<7 ppm
H2O), dry industrial grade nitrogen (<3 ppm H2O) and ultra-high
purity nitrogen dioxide (380.1 ppm in dry air) were obtained
from Airgas (Chicago, IL, USA).2.2. Flow reactor
The home-built ﬂow reactor used in this study was composed of
three main parts: a gas injection/dilution system, mixing chamber,
and a reaction chamber (Fig. 1). The gas injection/dilution system
delivered air, nitrogen, nitrogen dioxide to a mixing chamber
composed entirely of Teﬂon (31.5 cm length 9.0 cm I.D.) through
¼” stainless steel tubing. Two-way stainless steel valves were used
for selecting the gases used in each experiment. All gas ﬂows
through the reactor system were regulated with mass ﬂow con-
trollers (Alicat Scientiﬁc, Tucson, AZ, USA) to achieve the desired
dilution of gases. After the mixing chamber, stainless steel tees
directed the ﬂow to the reaction chamber, gas analyzer, and
exhaust vent.
During ozonation experiments, ozone levels at the outlet of the
mixing chamber were measured using a photometric O3 gas
analyzer (Teledyne, Thousand Oaks, CA, USA). For nitration exper-
iments, NO2 concentrations were measured using a chem-
iluminescence NOx analyzer (Teledyne). The gas mixtures from the
mixing chamber were supplied to the Teﬂon reaction chamber
(43 cm in length 9.0 cm I.D.) through an inlet located on top of the
chamber. A quartz window was located directly above the reaction
chamber inlet where a UV light bulb (356 nm) was housed for
photochemical experiments. At the bottom of the reaction chamber
was a Teﬂon-coated aluminum ﬁlter support where 90 mm quartz
ﬁlters were placed for each reaction experiment. The outlet of the
reaction chamber was located under the ﬁlter support. Following
the outlet of the reaction chamber, two polyurethane foam (PUF)
ﬁlters were placed in series to collect residual gas phase species
exiting the reaction chamber. The total ﬂow through the reaction
chamber was controlled using an oil-less pump with a mass ﬂow
controller positioned between the reaction chamber and the pump.
The ﬂow drawn by the pump was always kept lower than the gas
ﬂow exiting the mixing chamber to prevent an over pressurization
of the reaction chamber.
Table 1
List of standards, including recovery standards (RS) and internal standard (IS) used in this study with quantiﬁcation and conﬁrmation ions used in GCeMS analysis.
Compound Molecular formula Molecular weight (g mol1) Quantiﬁcation ion Conﬁrmation ions
(Relative
abundance)
Use Supplier
PAHs
phenanthrene C14H10 178 178 152 (10) 89 (10) Standard SigmaeAldricha
anthracene C14H10 178 178 152 (10) 89 (10) Standard SigmaeAldrich
ﬂuoranthene C16H10 202 202 101 (10) 88 (5) Standard SigmaeAldrich
pyrene C16H10 202 202 101 (10) 88 (5) Standard SigmaeAldrich
phenanthrene-d10 C14D10 188 188 184 (20) 160 (10) RS CDN Isotopesb
anthracene-d10 C14D10 188 188 184 (20) 160 (10) RS CDN Isotopes
ﬂuoranthene-d10 C16D10 212 212 106 (10) 92 (5) IS CDN Isotopes
pyrene-d10 C16D10 212 212 106 (10) 92 (5) RS CDN Isotopes
nitro-PAHs
9-nitrophenanthrene C14H9NO2 223 165 176 (90) 223 (60) Standard SigmaeAldrich
9-nitroanthracene C14H9NO2 223 176 223 (90) 165 (80) Standard SigmaeAldrich
3-nitroﬂuoranthene C16H9NO2 247 247 200 (75) 189 (60) Standard SigmaeAldrich
1-nitropyrene C16H9NO2 247 201 247 (85) 189 (60) Standard SigmaeAldrich
9-nitrophenanthrene-d9 C14D9NO2 232 232 184 (95) 202 (90) RS CDN Isotopes
9-nitroanthracene-d9 C14D9NO2 232 232 184 (95) 202 (90) RS CDN Isotopes
3-nitroﬂuoranthene-d9 C16D9NO2 256 256 210 (100) 208 (75) RS CDN Isotopes
1-nitropyrene-d9 C16D9NO2 256 256 210 (100) 208 (75) RS CDN Isotopes
oxy-PAHs
1,1'-biphenyl-2,2'-dicarboxaldehyde C14H10O2 210 181 152 (40 210 (5) Standard SigmaeAldrich
9,10-anthracenedione C14H8O2 208 208 180 (95) 152 (75) Standard SigmaeAldrich
9,10-phenanthrenedione C14H8O2 208 180 152 (50) 208 (50) Standard SigmaeAldrich
anthrone C14H10O 194 194 165 (65) Standard SigmaeAldrich
2-chloroanthraquinone C14H7ClO2 242 242 214 (65) 186 (55) RS SigmaeAldrich
hydroxy-PAHs
1-hydroxypyrene C16H10O 218 218 Standard SigmaeAldrich
1-hydroxypyrene-d9 C16D10O 227 227 197 (50) 99 (15) RS CDN Isotopes
2'-chloro-2-hydroxy-4-methylbenzophenone C14H11ClO2 247 211 135 (30) 246 (25) RS SigmaeAldrich
a Sigma-Aldrich (Atlanta, GA, USA).
b CDN Isotopes (Pinte-Claire, Canada).
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Fig. 1. Diagram of the ﬂow reactor system used to evaluate the heterogeneous nitration and ozonation of PAHs.
Table 2
List of experiments performed in this study including oxidants along with their
concentrations (in ppm) using either air or nitrogen as carrier gas at speciﬁed
ﬂowrates. For each experiment several reaction times were deployed (e.g., 5, 90, 180
and 300 min).
Carrier Oxidant Photolysis Total gas ﬂow
gas (356 nm) (L min1)
Air e No 2.5
Air e Yes 2.5
N2 e No 2.5
Air NO2 (7.5 ppm) No 2.5
N2 NO2 (7.5 ppm) No 2.5
Air O3 (1.25 ppm) No 1.5
Air O3 (1.0 ppm) Yes 1.5
Air O3 (1.6 ppm) No 1.5
NO2 (9.6 ppm)
NO2 (9.6 ppm)
Air O3 (1.6 ppm) Yes 1.5
NO2 (9.6 ppm)
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The desorption and reactive uptake of four PAHs (phenanthrene,
anthracene, ﬂuoranthene, and pyrene) were evaluated, focusing on
the identiﬁcation of the breath of the products formed (for the list
of experiments see Table 2). As a support for solid PAHs, pre-baked
at 500 C for 12 h quartz ﬁlters (90 mm I.D., PALL Corporation, Port
Washington, NY) were used. An allotted amount of a PAH stock
solution was spiked over a ﬁlter (correspond to total amounts of
10 mg of each compound) and allowed to evaporate at room tem-
perature for 60 s. The ﬁlter was then placed in the small scale ﬂow
reactor system (as shown in Fig. 1) and exposed to the several re-
action gases including O3 and NO2 in concentrations
2.46e23.6  1013 molecules per cm3, i.e., similar to those used in
previous studies (Esteve et al., 2004; Miet et al., 2009a, 2009b;
Perraudin et al., 2005). The concentrations applied were higher
than those typically observed in atmospheric conditions, as the
purpose of the study was to gain sufﬁcient concentrations of the
R.E. Cochran et al. / Atmospheric Environment 128 (2016) 92e103 95reaction products which at lower concentration may not be
observed (unless speciﬁcally targeted) or would require longer
reaction times. The speciﬁc experimental conditions are listed in
Table 2 with reaction times ranging between 5 and 300 min. Gas
phase species exiting the reaction chamber were collected on two
PUF ﬁlters (pre-cleaned via sonication for 30 min in DCM). For all
experiments, no breakthrough from the ﬁrst PUF ﬁlter was
observed (i.e., the amounts observed on the second PUF ﬁlter were
less than 1% of those observed on the ﬁrst).
To accurately account for the analyte recoveries, a control
sample was prepared daily by spiking the same amount of PAHs
(4 mg) and RS compounds (1 mg) to DCM in parallel to each reaction
experiment (spiked on the ﬁlter). These control solutions were
prepared so that the ﬁnal analyte concentrations in the controls
were the same as those in the extracted samples, assuming 100%
recovery of the starting reagent and products. All reaction and
control experiments were performed in triplicate and evaluated
based on the average ± one standard deviation.
To assess any background contamination present on the ﬁlters,
in the small reaction chamber system, or in the supplied nitrogen
gas, blank extractions were performed in triplicate on: 1) ﬁlters not
submitted to the chamber, and 2) ﬁlters exposed to N2 gas for
90 min. The species detected in such desorption experiments were
compared to those observed in oxidation experiments with NO2
and O3 to avoid misidentiﬁcation of oxidation products.
2.4. Extraction and sample preparation
Upon the completion of each reaction experiment, the ﬁlter was
extracted using 10 mL of DCM using 30 min sonication. Prior to
each extraction, 40 mL of RS solution (100 mg mL1 of each com-
pound listed in Table 1) was added. After sonication, the extract was
ﬁltered over deactivated glass wool. The vial and ﬁlter were further
washed twice with 10 mL of DCM each time. Ultimately all DCM
solvent fractions were combined and evaporated under a stream of
nitrogen to ~0.5 mL. The concentrated extract was then divided into
two parts, for 1) direct analysis and 2) analysis following the
derivatization. The derivatization was performed using 100 mL of
BSTFA (60 C, 3 h). Prior to GCeMS analysis, 10 mL of IS solution
(ﬂuoranthene-d10 at 100 mg mL1) was added to each ﬁnal sample
volume.
2.5. GCeMS analyses
The analyses were performed using an Agilent 6890N GC
equipped with 5975C MSD (EI). All injections (1.0 mL) were con-
ducted in a splitless mode (1 min) with a 30 psi pulse for 1.0 min
using a splitless liner with deactivated glass wool (Restek, Belle-
fonte, PA). A 30m DB-5MS column (J&WScientiﬁc, Inc., Folsom, CA,
USA) with a 0.25 mm I.D. and a 0.25 mm ﬁlm thickness was used for
all separations. Ultra-pure helium (99.999%) was used as a carrier
gas with a constant ﬂow rate of 1.0 mL min 1. The initial oven
temperature was set to 40 C held for 1.0 min, then ramped to
140 Cwith a rate of 20 C/min, then ramped to 290 Cwith a rate of
10 C, and held for 12 min. The injector temperature was set to
250 C and the transfer line was set at 280 C. All MS data was
acquired in total ion current (TIC) mode with a mass range of
50e550 m/z.
2.6. HPLC-APCI-HRMS analyses
HPLC-MS analyses were performed on an Agilent 1100 HPLC
coupled to a high resolution Time of Flight MS G1689A Series 6200
using a previously developedmethod (Cochran et al., 2015). In brief,
all HPLC separations were performed using a Restek C18200 mm  3.2 mm reverse phase HPLC column with 5 mm particle
size. A binary solvent system consisting of A: water, B: methanol
was used. A gradient program at a ﬂow rate of 0.5 mLmin1 started
with 20% B for 5 min, followed with an increase to 90% B at 20 min,
and hold at 90% until 27 min, and then was linearly decreased to
20% at 30 min and held at 20% B for 5 min to allow for equilibration.
The column oven temperature was set to 30 C and injection vol-
ume was 50 mL.
APCI was performed in both positive and negative modes.
Drying gas (N2) was set to 300 C at a ﬂow of 3 L min1. For all
experiments the capillary voltage was set to 4500 V. In order to
minimize the contribution of collision induced dissociation, the
fragmentor voltage was set at low voltage of 120 V for all experi-
ments. All HPLC-HRMS analyses were performed with the corona
discharge current set at 10 mA. For experiments evaluating the
contribution of the corona current to gas-phase ion fragmentation,
the corona discharge current was varied within the range of
4e25 mA.
3. Results and discussion
3.1. Desorption
Prior to studying PAH oxidation processes, small chamber ex-
periments were performed using either N2 gas or air without any
other reactant to determine desorption rates (Fig. S1). Under an N2
atmosphere, combined recoveries in the gas and particle phase for
phenanthrene, ﬂuoranthene and pyrene were near 100% (Fig. S1).
The losses of anthracene were attributed to the formation of 9,10-
anthracedione and anthrone (not quantiﬁed) formed possibly in
the presence of oxygen adsorbed on the ﬁlter. After ﬁrst the 5 min
(data not shown), only minor losses were observed, ~10% for par-
ticle phase, with 1e5% were observed in gas phase (PUF). As ex-
pected, for longer desorption times partitioning of the 3-ring PAHs
into the gas phase was more pronounced (~25% at 90 min and
50e70% in 300 min) than those of 4-ring PAHs (<5% at 90 min).
3.2. Reaction with NO2
Just as reported previously (Ma et al., 2011; Miet et al., 2009b;
Perraudin et al., 2005), exposure of PAHs to NO2 led to a selective
loss of anthracene and pyrene for reaction times ranging from 5 to
300min (Fig. S2a). Products observed during nitration reactions are
reported in Fig. 2 and Table 3, including the characteristic ions and
retention times. As in previous work for the reaction with NO2, the
major products were 1-nitropyrene and 9-nitroanthracene (Fig. 2;
for chromatograms see Fig. S3, S4a) (Ma et al., 2011; Miet et al.,
2009b). While relatively less reactive, the phenanthrene nitration
resulted in the formation of 9-nitrophenanthrene, only observed
during long reaction times (i.e., 300min; see Fig. S4c). This is, to our
knowledge, the ﬁrst report of the formation of this product from
the heterogeneous nitration of phenanthrene. We hypothesize that
this compound was not previously reported as it is relatively less
reactive towards nucleophilic or radical addition and thus formed
only after long reaction times (Fig. 3 shows proposed pathway for
its formation). For the ﬁrst time, mass balance closure was nearly
achieved on the nitration of all tested PAHs with 80% molar re-
coveries (sum of products and parent compound) in 90 min.
Additional products from the oxidation of anthracene were
observed, including anthrone and 9,10-anthracenedione, which are
not expected oxidation products in the presence of NO2. These
products were conﬁrmed from experiments with anthracene alone
in the presence of NO2 (see chromatograms in Fig. S5).
Nitration experiments in the presence of UV radiation yielded
similar trends for anthracene and pyrene loss. However, the
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Fig. 2. Recoveries (mole %) of PAHs and products observed in both the gas and particle
phase from the reaction of 3- and 4-ring PAHs with NO2 for 300 min.
Table 3
Products observed from the heterogeneous reactions of a mixture of PAHs, pyrene and anthracene with NO2 while adsorbed to a quartz ﬁlter substrate (90 or 300 min). All
identiﬁcations performed in this study were based on use of both GC-EI-MS and LC-APCI-HRMS. Identity of all compounds was conﬁrmed using standards.
Identiﬁed oxidation
products
Parent PAH Empirical
formula
MW g mol1 tR
min
EI-MS major ions (Relative
abundance)
Previous
identiﬁcation
References
1 2 3 4
PAHs þ NO2
9-nitroanthracene Anthracene C14H9NO2 223 16.7 176 (100) 223 (95) 193 (80) 165 (85) Standard Ma et al., 2011
9-nitrophenanthrene Phenanthrene C14H9NO2 223 17.4 165 (100) 176 (80) 223 (60) 193 (25) NR NR
1-nitropyrene Pyrene C16H9NO2 247 20.8 201 (100) 274 (90) 217 (70) 189 (60) Standard Miet et al., 2009
Pyrene þ NO2
1-nitropyrene Pyrene C16H9NO2 247 20.8 201 (100) 274 (90) 217 (70) 189 (60) Standard Miet et al., 2009
Anthracene þ NO2
Anthrone Anthracene C14H10O 194 14.4 194 (100) 165 (75) Standard Perraudin et al., 2007; Ladji et al., 2010;
Ochiai et al., 2007; Sienra, 2006
9,10-
anthracenedione
Anthracene C14H8O2 208 14.58 208 (100) 180 (88) 152 (67) Standard Perraudin et al., 2007; Ladji et al., 2010;
Ochiai et al., 2007; Sienra, 2006,
Schnelle-Kreis, 2005, Castells et al., 2003;
Ma et al., 2011
9-nitroanthracene Anthracene C14H9NO2 223 16.0 176 (100) 223 (95) 193 (80) 165 (85) Standard Ma et al., 2011
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Fig. 3. Proposed reaction pathways for the heterogeneous reaction of phenanthrene with NO2 and O3. The reactions shown include those proposed based on this work as well as
those previously reported in literature (Perraudin et al., 2007a).
R.E. Cochran et al. / Atmospheric Environment 128 (2016) 92e10396occurrence of 9-nitroanthracene and 1-nitropyrene was signiﬁ-
cantly lower, most likely due to their photodegradation. Bothphenanthrene and ﬂuoranthene showed more pronounced losses
compared to nitration under dark conditions, with no major
products observed in either the gas or particle phase.3.3. Reaction with O3
The PAH losses during heterogeneous ozonation were similar to
those previously reported and were less selective compared to
nitration experiments (Fig. S2b) (Miet et al., 2009a; Perraudin et al.,
2007a, 2007b; Ringuet et al., 2012). In contrast to reactions with
NO2, ozonation yielded a signiﬁcantly higher number of products
(Table 4; TIC chromatograms shown in Fig. S4b,c, and the proposed
reaction pathways in Figs. 3, 4, 6 and 8). The experiments were
performed with a mixture of PAHs as well as pyrene and anthra-
cene individually to conﬁrm the relationship between the corre-
sponding parent and product species. Several of these products
have been previously identiﬁed and conﬁrmed with standards(Miet et al., 2009a; Perraudin et al., 2007a), other compounds were
conﬁrmed based on low resolution MS. Further conﬁrmation in our
Table 4
Products observed upon exposure of a mixture of PAHs, pyrene and anthracene (adsorbed to a quartz ﬁlter substrate) to O3. The identiﬁcationwas based on the analyses using GC-EI-MS and LC-APCI-HRMS. The characteristic ions
observed using both methods are provided including mass accuracy error determined for HRMS identiﬁcation.
Identiﬁed oxidation product Parent PAH Formula MW g mol1 GC-EI MS LC-APCI-HRMS Previous
studies
tR min 1 2 3 [MþH]þ Error ppm [MH]e or [M þ ee]e Error ppm
IDa PAHs þ O3 Found Calc. Found Calc. ID Refsg
Tb 1,10-biphenyl-2,20-dicarboxaldehyde phe C14H10O2 210 14.1 181 (100) 152 (37) 210 (3) 211.07300 211.07536 11 209.05864 209.06080 10 Sc 1e3
S anthrone ant C14H10O 194 15.0 194 (100) 165 (75) 195.07911 195.08044 7 193.06543 193.06589 2 S 3e6
S 9,10-anthracenedione ant C14H8O2 208 15.2 208 (100) 180 (88) 152 (67) 209.05980 209.05971 0.4 208.05291 208.05298 0.3 S 3-e9
S 9,10-phenanthrenedione phe C14H8O2 208 15.7 180 (100) 152 (60) 208 (40) 209.06145 209.05971 8 208.05191 208.05298 5 TLd 1e2
T 4-phenanthrenecarboxaldehyde pyr C15H10O 205 16.0 205 (100) 176 (20) 151 (15) 207.08028 207.08044 1 206.07180 206.07371 9 TL 10
T 4-oxapyrene-5-one pyr C15H8O2 220 18.1 220 (100) 163 (43) 192 (21) 221.06070 221.05971 5 220.05056 220.05298 11 TL 10e12
S phenanthrene-4,5-dicarboxaldehyde pyr C16H10O2 234 19.2 205 (100) 176 (30) 218 (10) 235.07472 235.07536 3 233.05992 233.06080 4 TL 10e12
T hydroxyanthraceneh ant C14H10O 194/266f 16.1 266 (100) 251 (20) 191 (15) 195.08095 195.08044 3 193.06552 193.06589 2 NRe NR
T hydroxyphenanthrenecarboxaldehyde pyr C15H10O2 222/294 17.3 205 (100) 293 (50) 176 (25) 223.07584 223.07536 2 221.05991 221.06080 4 TL 10,12
S 4-phenanthrenecarboxylic acid pyr C15H10O2 222/294 17.6 205 (100) 294 (75) 279 (65) 223.07431 223.07536 5 221.05883 221.06080 9 TL 10,12
S 1-hydroxypyrene ﬂu/pyr C16H10O 218/290 18.9 290 (100) 259 (55) 275 (50) 219.08129 219.08044 4 217.06608 217.06589 1 NR 10,12,13
T 4-ring hydroxy-PAH A ﬂu/pyr C16H10O 218/290 19.0 290 (100) 259 (55) 275 (50) 219.08141 219.08044 4 217.06535 217.06589 2 NR NR
T 4-ring hydroxy-PAH B ﬂu/pyr C16H10O 218/290 19.3 290 (100) 259 (55) 275 (50) 219.08144 219.08044 5 217.06521 217.06589 3 NR NR
T 4-ring hydroxy-PAH C ﬂu/pyr C16H10O 218/290 19.6 290 (100) 275 (30) 259 (20) 219.08133 219.08044 4 217.06581 217.06589 0.4 NR NR
T 4-ring dihydroxy-PAH A ﬂu/pyr C16H12O2 234/380 17.9 290 (40) 380 (30) 202 (30) 235.07451 235.07536 4 233.05985 233.06080 4 NR NR
T 4-ring dihydroxy-PAH B ﬂu/pyr C16H12O2 234/380 18.4 290 (60) 380 (30) 202 (20) 235.07400 235.07536 6 233.05849 233.06080 10 NR NR
S 4-carboxyphenanthrenecarboxaldehyde pyr C16H10O3 250/322 19.7 205 (100) 293 (90) 189 (35) 251.07035 251.07027 0.3 249.05758 249.05572 7 TL 10
T 4-hydroxyphenanthro(4,5-cde)oxepin-6-one pyr C16H10O3 250/322 20.3 189 (100) 294 (50) 205 (30) 251.07159 251.07027 5 249.05485 249.05572 3 TL 10
T 3-ring carboxy-PAH A pyr C15H10O2 222/294 18.3 293 (100) 189 (85) 205 (30) 223.07561 223.07536 1 221.06053 221.06080 1 TL 10
T 3-ring carboxy-PAH B pyr C15H10O2 222/294 18.3 293 (100) 189 (70) 279 (30) 223.07454 223.07536 4 221.05981 221.06080 4 TL 10
Pyrene þ O3
T 4-phenanthrenecarboxaldehyde pyr C15H10O 205 16.1 205 (100) 176 (20) 151 (15) 207.08028 207.08044 1 206.07105 206.07371 13 TL 10
T 4-oxapyrene-5-one pyr C15H8O2 220 18.2 220 (100) 163 (43) 192 (21) 221.06070 221.05971 5 220.05219 220.05298 4 TL 10e12
T phenanthrene-4,5-dicarboxaldehyde pyr C16H10O2 234 19.3 205 (100) 176 (30) 218 (10) 235.07472 235.07536 3 233.06032 233.06080 2 TL 10e12
T 4-hydroxy-5-phenanthrenecarboxaldehyde pyr C15H10O2 222/294 17.4 205 (100) 293 (50) 176 (25) 223.07584 223.07536 2 221.05887 221.06080 9 TL 10,12
S 3-ring carboxy-PAH A pyr C15H10O2 222/294 18.3 293 (100) 189 (85) 205 (30) 223.07561 223.07536 1 221.06053 221.06080 1 TL 10
S 3-ring carboxy-PAH B pyr C15H10O2 222/294 18.4 293 (100) 189 (70) 279 (30) 223.07454 223.07536 4 221.05981 221.06080 4 TL 10
S 4-carboxy-5-phenanthrenecarboxaldehyde pyr C16H10O3 250/322 19.8 205 (100) 293 (90) 189 (35) 251.07035 251.07027 0.3 249.05481 249.05572 4 TL 10
T 4-hydroxyphenanthro(4,5-cde) oxepin-6-one pyr C16H10O3 250/322 20.4 189 (100) 294 (50) 205 (30) 251.07159 251.07027 5 249.05369 249.05572 8 TL 10
Anthracene þ O3
S anthrone ant C14H10O 194 14.3 194 (100) 165 (75) 195.07911 195.08044 7 193.06543 193.06589 2 S 3e6
S 9,10-anthracenedione ant C14H8O2 208 14.5 208 (100) 180 (88) 152 (67) 209.05980 209.05971 0 208.05291 208.05298 0 S 3e9
T 9-methoxyanthracene ant C15H11O 208 14.5 193 (100) 208 (60) 165 (50) ND ND NR NR
T hydroxyanthracene ant C14H11O 194/266 15.4 266 (100) 251 (25) 165 (10) ND ND NR NR
T dihydroxyanthracene ant C14H10O2 210/354 17.3 354 (100) 235 (10) 265 (10) ND ND NR NR
aID denotes identiﬁcation, where bT stands for tentative identiﬁcation based on GC-EI-MS and LC-APCI-HRMS with S¼ an identiﬁcation conﬁrmed by standard and TL¼ a tentative identiﬁcation based on low resolution MS, eNR
stands for not reported.f molecular weights for both native and BSTFA derivatized molecules are listed. gReferences:1Wang et al., 2007; 2Zhang et al., 2010, 3Perraudin et al., 2007; 4Ladji et al., 2010; 5Ochiai et al., 2007; 6Sienra,
2006; 7Schnelle-Kreis, 2005, 8Castells et al., 2003; 9Ma et al., 2011; 10Yao et a., 1998; 11Sheng et al., 2003; 12Miet et al., 2009a; 13Gao et al., 2009; 14Albinet et al., 2007; 15Zimmerman et al., 2013; 16Zielinska et al., 1986; 17Miet
et al., 2009a.
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Fig. 5. Extracted ion chromatograms (EIC) of m/z 205 of extracts of ﬁlters collected during the reaction of PAHs with O3 for 90 min. Extracts were analyzed directly (a) and after
derivatization with BSTFA (b). EIC (m/z 205.06 ± 0.03) obtained from the HPLC-APCI-HRMS analysis of the non-derivatized extract in shown in the inset of (a).
R.E. Cochran et al. / Atmospheric Environment 128 (2016) 92e10398study was achieved using high resolution MS with mass error
<10 ppm (Table 4) using previously developed method (Cochran
et al., 2015). Most of the products observed were those resulting
from the ozonation of pyrene (Fig. 4).
Pyrene oxidation appears to occur through two general path-
ways (Chu et al., 2010). The ﬁrst pathway is suggested to involve the
addition of ozone to the more reactive C9eC10 double bond and
subsequent ring-opening. From this multiple products containing a
phenanthrene backbone and a mixture of hydroxyl, carbonyl and/or carboxyl groups can be produced (Chu et al., 2010). The second
previously proposed pathway involves the addition of ozone
without breaking any CeC double bonds, producing products with
carbonyl and/or hydroxyl groups. This pathway has been suggested
to be more energy intensive and dependent on PAH-surface in-
teractions (Chu et al., 2010). In the present study no pyrene de-
rivatives with hydroxyl or carbonyl groups characteristic for a ring-
opening (described for the ﬁrst mechanism) were identiﬁed.
Surprisingly, many of the observed pyrene ozonation products
shared a characteristic common fragment ion, m/z 205, in both GC
analysis after BSTFA derivatization (Fig. 5) and APCI-HRMS analysis.
This fragment has previously been observed in EI-MS spectra for
unknown products from the ozonation of pyrene and was proposed
to belong to a fragment containing a phenanthrenic structure (Miet
et al., 2009a). We have proposed that this fragment or ion is a
carbonyl phenanthrene cation (Cochran et al., 2015). Following the
ring-opening mechanism described above, pyrene ozonation may
produce PAH products with a variety of functionalities including
aldehyde, carboxylic and methylhydroxyl groups. In addition, most
of the pyrene ozonation products had similar ion fragments of m/z
176 (Fig. S6b & S6c), resulting from the loss of all functional groupsand giving a deprotonated radical ion of phenanthrene. These
common ions may be essential for online monitoring studies to
determine contribution of pyrene oxidation products.
In this study, two major PAH aldehyde products were observed:
4-phenanthrenecarboxaldehyde and the previously observed
phenanthrene-4,5-dicarboxaldehyde (Miet et al., 2009a). This is the
ﬁrst time, to our knowledge, that the production of 4-
phenanthrenecarboxaldehyde from the heterogeneous ozonation
of pyrene has been reported. Yao et al. observed the formation of 4-
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Fig. 6. Proposed reaction pathways for the heterogeneous reaction of pyrene with NO2 and O3. The reactions shown include those proposed based on this work as well as those
previously reported in literature (Chu et al., 2010; Gao et al., 2009; Miet et al., 2009a, 2009b; Yao et al., 1998).
R.E. Cochran et al. / Atmospheric Environment 128 (2016) 92e103 99phenanthrenecarboxaldehyde upon ozonation of pyrene in an
acetonitrile/water solution (Yao et al., 1998). We have conﬁrmed
the relationship to pyrene as the parent PAH through experiments
with pyrene alone exposed to O3 (see chromatograms in Fig. S7, and
a reaction pathway in Fig. 6). Multiple 3-ring carboxylic acid de-
rivatives (Table 3) were also observed, also determined to be
formed from pyrene through an experiment conducted with pyr-
ene alone (Fig. S8). This is in contrast to previous studies where
only a single carboxylic acid derivative was reported from the
heterogeneous and aqueous phase ozonation of pyrene (Miet et al.,
2009a; Yao et al., 1998).
To our knowledge, we have for the ﬁrst time identiﬁed phen-
anthrene derivatives with mixed functional groups resulting from
the heterogeneous ozonation of pyrene, previously only reported
from the aqueous ozonation of pyrene (Yao et al., 1998). 4-carboxy-
5-phenanthrenecarboxaldehyde and 4-hydroxyphenanthro(4,5-
cde)oxepin-6-one are difﬁcult to distinguish from one another
due to their similar molecular ions before and after derivatization
(m/z 250 and m/z 322, respectively) despite having different func-
tional groups. We have identiﬁed 4-hydroxy-5-
phenanthrenecarboxyaldehyde upon derivatization of the hy-
droxy group (Figs. S6 and S8). Previously the identiﬁcation of this
product (with a molecular ion ofm/z 293) was uncertain due to the
MS spectra being thought to closely resemble those of phenan-
threnecarboxylic acid derivatives (Miet et al., 2009a). However, the
analysis of standards of 4- and 9-phenanthrenecarboxylic acid
showed a molecular ion of m/z 294 in GCeMS analysis after
derivatization. Although the molecular ion [Mþ] of 4-hydroxy-5-
phenanthrenecarboxaldehyde would be m/z 294, the aldehyde
group is easily deprotonated, thus giving a [MH]þ deprotonated
molecular ion with m/z 293 even using EI-MS.
Similarly as for pyrene, this is the ﬁrst time, to our knowledge,that hydroxy-ﬂuoranthenes have been identiﬁed in a heteroge-
neous ozonation reaction (Table 4). Initially these hydroxy species
were thought to be products resulting from the ozonation of pyrene
due to its higher reactivity, however experiments with pyrene
alone did not yield these products. The speciﬁc isomeric identity of
these hydroxyﬂuoranthenes could not be established due to stan-
dards not currently being available.
The ozonation of phenanthrene also produced two major
products: 9,10-phenanthrenedione and 1,10-biphenyl-2,20-dicar-
boxaldehyde. 9,10-phenanthrenedione was identiﬁed for the ﬁrst
time. The identiﬁcation was tentative as this compound was not
observed in experiments with anthracene alone. Further, the
identiﬁcation was conﬁrmed by the match of retention time and
similar EI mass spectra with different relative abundance of major
ions compared to 9,10-anthracenedione, as well as APCI-HRMS
(Table 4).3.4. Reaction with NO2 and O3
Exposure of PAHs to NO3/N2O5 (formed by reacting NO2 and O3)
under dark lead to the PAH losses similar to that with ozone alone
(Fig. S2c). However the product pattern signiﬁcantly differed
(Table 5; TIC chromatograms shown in Fig. S4d & S4e). For the
nitration with NO2 alone, only three major nitration products were
observed. By contrast, when NO2 was employed in combination
with O3, several nitro- 3-ring and 4-ring PAHs were observed.
Similarly, while the reaction of NO2 with phenanthrene produced
9-nitrophenanthrene, oxidation by NO3/N2O5 resulted in multiple
nitrophenanthrene isomers (Fig. 7a and Fig. 3).
The possibility that these products were nitroanthracene iso-
mers was eliminated by conducting the experiments with anthra-
cene alone which produced only 9-nitroanthracene and no other
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R.E. Cochran et al. / Atmospheric Environment 128 (2016) 92e103100products (Fig. 7a). In addition to the nitro-phenanthrene products,
phenanthrene yielded the same two oxy-products as observed
from its reaction with ozone (Table 5). Anthracene, however, yiel-
ded hydroxynitroanthracene that has not been previously reported
in heterogeneous oxidation studies (Table 5). In addition, experi-
ments with anthracene alone yielded hydroxyanthracene and
dihydroxyanthracene (Table 5; spectra shown in Figs. S9 and S10).These were conﬁrmed to be derivatives of anthracene through
experiments with anthracene alone in the presence of NO3/N2O5
and were formed despite the formation of 9,10-anthracenedione
(see chromatograms in Figs. S11 and S12). Similar to pyrene
ozonation, the reaction of pyrene with NO3/N2O5 yielded products
with similarm/z 205 ion fragments (EIC shown in Fig. S13b& S13c).
The difference in the reaction products between NO2 and NO2
and O3 can be attributed to the formation of the nitrate radical
which may further react with NO2 producing dinitrogen pentoxide,
both of which have been found to be more potent oxidizers than
either NO2 or O3 (Barcelo and Kostianoy, 1998; Calvert et al., 2002).
In our study, signiﬁcantly lower concentrations (Fig. S14) of nitra-
tion products were observed upon the addition of UV light, likely
due to reduced NO3 lifetimes by photolysis. The reaction of NO3/
N2O5 with 4-ring PAHs yielded additional products not observed
with either NO2 or O3 alone. Fluoranthene yielded four nitro
products that were not observed from its reaction with NO2, while
pyrene only produced 1-nitropyrene (EIC chromatograms shown in
Fig. 7; reaction pathways are shown in Fig. 8). This suggests that in
the presence of a strong oxidant ﬂuoranthene is less stereoselective
than the more stereo-directing pyrene.
3.5. Proposed oxidation pathways of PAHs in the presence of NO2
and O3
Based on the range of products identiﬁed during the oxidation
of PAHs in this work and individual reactions previously reported,
reaction pathways for the oxidation of both 3- and 4-ring PAHs in
the presence of NO2 and O3 are proposed (Figs. 3, 4, 6 and 8). For
Table 5
Products observed upon exposure of a mixture of PAHs, pyrene and anthracene (adsorbed to a quartz ﬁlter substrate) to O3þNO2 (NO3/N2O5). The identiﬁcationwas based on the analyses using GC-EI-MS and LC-APCI-HRMS. The
characteristic ions observed using both methods are provided including mass accuracy error determined for HRMS identiﬁcation.
Identiﬁed oxidation product Parent PAH Formula MW g mol1 GC-EI MS LC-APCI-HRMS Previous
studies
tR min 1 2 3 [MþH]þ Error ppm [MH]e or [M þ ee]e Error ppm
IDa PAHs þ NO2þO3 Found Calc. Found Calc. ID Refsg
Tb 1,10-biphenyl-2,20-dicarboxaldehyde phe C14H10O2 210 14.1 181 (100) 152 (37) 210 (3) 211.07300 211.07536 11 209.05864 209.06080 10 Sc 1e3
S anthrone ant C14H10O 194 8.7 194 (100) 165 (75) 195.07838 195.08044 11 193.06562 193.06589 1 S 3e6
S 9,10-anthracenedione ant C14H8O2 208 15.2 208 (100) 180 (88) 152 (67) 209.05903 209.05971 3 208.05488 208.05298 9 S 3e7
S 9,10-phenanthrenedione phe C14H8O2 208 15.7 180 (100) 152 (60) 208 (40) 209.05871 209.05971 5 208.05250 208.05298 2 S 1e2
T 4-oxapyrene-5-one pyr C15H8O2 220 18.1 220 (100) 163 (43) 192 (21) 221.05870 221.05971 5 220.05320 220.05298 1 TL 11e12
T phenanthrene-4,5-dicarboxaldehyde pyr C16H10O2 234 19.3 205 (100) 176 (30) 218 (10) 235.07568 235.07536 1 233.06167 233.06080 4 TL 12
T 4-phenanthrenecarboxaldehyde pyr C15H10O 205 16.0 205 (100) 176 (20) 151 (15) 207.07997 207.08044 2 206.07129 206.07371 12 TL 10
S 9-nitroanthracene ant C14H9NO2 223 16.7 176 (100) 223 (95) 193 (80) 224.07282 224.07060 10 223.06350 223.06388 2 TL 9
S 9-nitrophenanthrene phe C14H9NO2 223 17.4 165 (100) 176 (80) 223 (60) 224.07074 224.07060 1 223.06287 223.06388 5 NR NR
T nitrophenanthrene A phe C14H9NO2 223 16.7 165 (100) 193 (60) 223 (30) 224.07154 224.07060 4 223.06333 223.06388 2 NR NR
T nitrophenanthrene B phe C14H9NO2 223 17.5 165 (100) 176 (80) 223 (45) 224.07036 224.07060 1 223.06334 223.06388 2 NR NR
T nitrophenanthrene C phe C14H9NO2 223 17.8 223 (100) 176 (75) 165 (45) 224.07057 224.07060 0 223.06342 223.06388 2 NR NR
T nitrophenanthrene D phe C14H9NO2 223 18.1 223 (100) 177 (60) 176 (55) 224.07044 224.07060 1 223.06321 223.06388 3 NR NR
T nitroﬂuoranthene A ﬂu C16H9NO2 247 19.8 201 (100) 247 (90) 189 (45) 248.07166 248.07060 4 247.06234 247.06388 6 S 2,14-16
T nitroﬂuoranthene B ﬂu C16H9NO2 247 19.9 201 (100) 247 (90) 189 (40) 248.07096 248.07060 1 247.06482 247.06388 4 S 2,14-16
T nitroﬂuoranthene C ﬂu C16H9NO2 247 20.2 247 (100) 201 (80) 189 (60) 248.07130 248.07060 3 247.06340 247.06388 2 S 2,14-16
S nitroﬂuoranthene D ﬂu C16H9NO2 247 20.6 247 (100) 201 (90) 189 (35) 248.07156 248.07060 4 247.06293 247.06388 4 S 2,14-16
S 1-nitropyrene pyr C16H9NO2 247 20.7 201 (100) 247 (90) 217 (70) 248.06991 248.07060 3 247.06529 247.06388 6 S 15,17
T 1-hydroxypyrene pyr C16H10O 218/290 18.9 290 (100) 259 (55) 275 (50) 219.08129 219.08044 4 217.06608 217.06589 1 NR 10,12,13
T 4-ring hydroxy-PAH B ﬂu/pyr C16H10O 218/290 19.0 290 (100) 259 (55) 275 (50) 219.08141 219.08044 4 217.06535 217.06589 2 NR NR
T 4-ring hydroxy-PAH C ﬂu/pyr C16H10O 218/290 19.3 290 (100) 259 (55) 275 (50) 219.08144 219.08044 5 217.06521 217.06589 3 NR NR
T 4-ring hydroxy-PAH D ﬂu/pyr C16H10O 218/290 19.6 290 (100) 275 (30) 259 (20) 219.08133 219.08044 4 217.06581 217.06589 0 NR NR
T 4-ring dihydroxy-PAH A ﬂu/pyr C16H12O2 234/380 17.9 290 (40) 380 (30) 202 (30) 235.07566 235.07536 1 233.06025 233.06080 2 NR NR
T 4-ring dihydroxy-PAH B ﬂu/pyr C16H12O2 234/380 18.4 290 (60) 380 (30) 202 (20) 235.07531 235.07536 0 233.06022 233.06080 3 NR NR
S 4-carboxy-5-phenanthrenecarboxaldehyde pyr C16H10O3 250/322 19.7 205 (100) 293 (90) 189 (35) 251.07089 251.07027 2 249.05715 249.05572 6 TL 10
T 4-hydroxyphenanthro(4,5-cde)oxepin-6-one pyr C16H10O3 250/322 20.3 189 (100) 294 (50) 205 (30) 251.07082 251.07027 2 249.05383 249.05572 8 TL 10
T hydroxy-nitroanthracene anth/phen C14H9NO3 239/311 19.1 311(100) 281 (25) 265 (20) 240.06408 240.06552 6 239.05733 239.05879 6 NR NR
T 4-ring nitro-hydroxy PAH ﬂu/pyr C16H9NO3 263/335 22.1 320(100) 335(30) 290(30) 264.06480 264.06552 3 263.05719 263.05879 6 NR NR
Pyr þ NO2þO3
T 4-phenanthrenecarboxaldehyde pyr C15H10O 205 16.0 205 (100) 176 (20) 151 (15) 207.07997 207.08044 2 206.07129 206.07371 12 TL 10
T 4-oxapyrene-5-one pyr C15H8O2 220 18.1 220 (100) 163 (43) 192 (21) 221.05866 221.05971 5 220.05358 220.05298 3 TL 10e12
S 1-nitropyrene pyr C16H9NO2 234 20.7 201 (100) 247 (90) 217 (70) 248.06989 248.0706 3 247.06652 247.06388 11 TL 15e17
T phenanthrene-4,5-dicarboxaldehyde pyr C16H10O2 222/294 19.3 205 (100) 176 (30) 218 (10) 235.07481 235.07536 2 233.05897 233.06080 8 TL NR
S 4-carboxy-5-phenanthrenecarboxaldehyde pyr C15H8O2 222/294 18.2 220 (100) 163 (43) 192 (21) 251.07121 251.07027 4 249.05917 249.05572 14 TL NR
T 4-hydroxyphenanthro(4,5-cde)oxepin-6-one pyr C16H10O2 222/294 19.3 205 (100) 176 (30) 218 (10) 251.07221 251.07027 8 249.05544 249.05572 1 TL NR
Anthracene þ NO2 þ O3
S anthrone ant C14H10O 194 14.3 194 (100) 165 (75) 195.07838 195.08044 11 193.06562 193.06589 1 S 3e6
S 9,10-anthracenedione ant C14H8O2 208 14.5 208 (100) 180 (88) 152 (67) 209.05903 209.05971 3 208.05488 208.05298 9 S 3,8,9
S 9-nitroanthracene ant C14H9NO2 223 16.0 176 (100) 223 (95) 193 (80) 224.07282 224.0706 10 223.06350 223.06388 2 NR NR
T hydroxyanthracene ant C14H10O 194/266 15.4 266 (100) 251 (20) 165 (18) 195.08095 195.08044 3 193.06552 193.06589 2 NR NR
T hydroxy-nitroanthracene ant C14H9NO3 239/311 18.4 311(100) 281 (25) 265 (20) 240.06408 240.06552 6 239.05733 239.0588 6 NR NR
T dihydroxyanthracene ant C14H10O2 210/354 17.3 354 (100) 235 (10) 265 (10) ND ND NR NR
For footnotes see Table 4.
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and either O3, NO2 or N2O5. The oxidation products are proposed to
be formed through one-step reactions (e.g., the formation of 9-
nitrophenanthrene via the nitration of phenanthrene with NO2;
see Fig. 3) or through a series of reactions (e.g., the formation of 4,5-
phenanthrenedicarboxylic acid through multiple ozonation steps).
The pathways shown provide a summary of the possible products
that may be produced during the atmospheric oxidation of PAHs in
the presence of both NO2 and O3.While previous work has reported
the kinetic rate constants for some of the reactions shown in the
pathways, others still need to be determined in future studies.
4. Conclusions
The heterogeneous oxidation products of 3- and 4-ring PAHs in
the presence of NO2, O3 or NO2þO3 on the quartz ﬁlter support
were investigated in a small-scale ﬂow reactor. The major products
observed from each reactionwere identiﬁed using a combination of
available standards and the use of MS spectral libraries (for GCeMS
analysis) and high resolution MS data (HPLC-APCI-MS). The reac-
tion of PAHs with NO2 was found as shown previously to be se-
lective among the species studied, with anthracene and pyrene
being more reactive than phenanthrene and ﬂuoranthene. Ozona-
tion of all of the PAHs was less selective, producing multiple species
for each PAH reactant. The reaction of NO2þO3 (NO3/N2O5) with the
studied PAHs produced additional species not observed with their
reaction with either NO2 or O3 alone. Multiple isomers of nitro-
phenanthrene and nitroﬂuoranthene were observed, of which the
former species have not been previously reported. The reaction of
anthracene with NO3/N2O5 also produced hydroxy-nitro de-
rivatives, also not previously reported in literature. The implica-
tions of these ﬁndings are two-fold. First PAHs are by default
considered responsible for the toxicity of the whole PM. Yet here
we are reporting the signiﬁcant formation of a variety of PAH
oxidation products corroborated by several reports of other re-
searchers. These species may comprise a sizable portion of PM and
thus need to be assessed for their contribution to the PM toxicity.
Similarly as previously shown for nitro-PAHs, these compounds are
more water soluble due to their increased polarity and thus may be
more bioavailable potentially enhancing their toxicity. The second
beneﬁt of this study is in the identiﬁcation of common ions as those
of 205 and 176m/zwhich can be used for online monitoring of PAH
oxidation products.
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